Abstract. in cancer patients detection of systemic disease is of great importance to obtain prognostic information and to guide therapy. Bone marrow (Bm) seems to be a common homing tissue for the early spread of tumor cells from various epithelial tumors; however, verification of the prognostic significance of BM-disseminated tumor cells (BM-DTCs), is restricted to breast cancer so far. these cells may be dormant for a long time, and signals triggering their activation leading to recurrence remain to be characterized. a recent study involving metastatic breast cancer patients reported that the shortest disease-free survival is correlated with cytokeratin (cK)-negative Bm aspirates and that cK-positive Bm-dtcs correspond to dormant tumor cells. Soluble cK fragments in serum including cK18 and 19 (measured as tpS and cYFra 21-1, respectively) and caspase-cleaved cK18 are widely used to monitor tumor progression and response to therapy, actually indicating proliferation and/or necrotic/apoptotic cell death. in order to assess the source of the cK fragments, we used determinations of cK18 and caspase-cleaved cK18 fragments in serum samples before and after radical tumor surgery in colon cancer patients. elevated serum concentrations of cK18 were found to persist in patients with a high incidence of Bm-dtcs, and high perioperative levels of caspase-cleaved cK18 fragments were detected in patients with early relapses, respectively. these results indicate that in some patients at increased risk of recurrence disseminated cell populations exist that are responsible for the release of the bulk of cK fragments after removal of the apparently nonmetastatic tumor. in good agreement with the results in metastatic breast cancer patients, release of cK18 or 19 fragments by Bm-dtcs seem to indicate disseminated tumor cells mainly in a dormant state, whereas caspase-cleaved cK18 may indicate skipping of this latent phase and early progression. therefore, caspase cleavage of cKs in intact tumor cells seems to accompany or is involved in the differentiation leading from dormant to progressively active disseminated tumor cells. release of respective cK fragments would result in an apparent clearing of cK-positive cells in Bm, leaving malignant cells that have possibly undergone an epithelial-mesenchymal transition. micrometastatic cancer cell lines derived from breast cancer patients were found to display loss of epithelial cK8, 18 and 19 as well as ectopic expression of vimentin as in mesenchymal cells. in conclusion, degradation of cKs may represent a marker indicating reactivation of dormant tumor cells in Bm.
Introduction
appearance of disseminated tumor cells (dtcs) in cancer patients may precede the occurrence of detectable metastases and, provided that their detection is predictive, may be used to adapt the aggressiveness of therapeutic interventions (1) . evidence for such a role of bone marrow Bm-dtcs or circulating tumor cells has been confirmed for breast cancer patients, where Bm-positive patients have an approximately 2-fold increased risk of relapse within 10 years; however, the situation is less clear for other solid tumors such as colon cancer (1, 2 (5) . usually low weight, acidic type i cKs such as cK18, complex with high weight, basic or neutral type ii cKs, such as cK8. the bulk of cellular cKs is part of the iF system and insoluble at physiological salt concentrations until cleaved to yield soluble fragments. upon release from proliferating or necrotic/apoptotic cells, cKs provide useful markers for the ongoing cell activity of epithelial malignancies, distinctly reflecting tumor progression/recurrence or response to therapy (4, 6, 7) . the three most applied cK markers for the assessment of cell activity used in the clinic are tissue polypeptide antigen (TPA), tissue polypeptide-specific antigen (TPS) and CYFRA 21-1. tpa is a broad spectrum test that measures cK8, 18 and 19, while TPS and CYFRA 21-1 assays are more specific and measure cK18 and 19, respectively (6) . assessment of soluble CK fragments in serum samples was further refined by the availability of monoclonal antibodies to epitopes of soluble cK18 and caspase-cleaved cK18 (cK18-asp396-ne), recognizing fragments of 65 and 30 kda, respectively (peviva, Bromma, Sweden).
Cytokeratins as markers of proliferating or dying tumor cells?
Originally, tpa was described as an antigenic molecule that is generally present in human carcinomas and released by proliferating cells (8) . in cultures of human hela cells, perinuclear formation of tpa was observed early in the S phase, and after cell division tpa was found to be externalized. proliferating cells have a substantial pool of soluble cK8 and 18, and G 2 -m arrest induces an increase in this pool (9) . although data regarding cell death are lacking in some of these reports, it seems reasonable to assume that viable cells were used in the experiments. The findings together with extensive clinical studies have led to the hypothesis that tpa is related to proliferative activity in general, especially in transformed epithelial cells. Similar to tpa, serum fragments of cK18 and 19 (measured as tpS and cYFra 21-1, respectively) have traditionally been considered as markers of tumor proliferation, although evidence is scarce for a causative relationship between proliferation and levels of tpS and cYFra 21-1 (10) . although the levels of cKs in serum of cancer patients have been widely used for monitoring the progression of cancer growth and the effectiveness of cancer treatment, the mechanisms involved in the release of cK fragments from cells have not been elucidated (11) . Studies have shown that the release of cKs by tumors in patients is a complex process which is not simply correlated to the number of proliferating cells or to tumor mass and may be dependent also on the rate of cell damage (10) . during the development of cK18 as a tumor marker, the focus switched from the concept of this cK as a proliferation marker to its significance as a marker of tumor cell death (10, 12) . type i cKs (cK18 and 19) are cleaved by caspases during apoptosis, and the resulting fragments are relatively stable (13) . therefore, release of cK18 fragments was attributed to tumor cell necrosis for soluble cK18 and apoptosis for caspase-cleaved cK18 (cK18-asp396-ne). Furthermore, release of tpS and cYFra 21-1 from tumor cells into the extracellular space has been demonstrated to occur during apoptosis (10) . however, in a study involving human lung cancer cell lines, inhibition of caspase-3 resulted only in the partial inhibition of the release of cYFra 21-1 (13) . the demonstration of elevated levels of both caspase-cleaved and native cK18 in local tumor venous blood of endometrial cancer patients was taken as evidence that these proteins were derived from tumor tissue (12) . accordingly, test systems assessing total and caspase-cleaved cK18 are currently in use to determine response to chemotherapy in cancer patients and to distinguish necrotic and apoptotic tumor cell death. the concept involving the release of cKs from cells as an apoptotic or necrotic tumor cell death-associated mechanism no longer includes the early evidence of the production and secretion of these proteins as proliferation antigens by intact cells (6) . additionally and in contrast to this common view that cKs are only released in fragmented forms by epithelial cells as a result of necrosis/apoptosis, evidence for the release of full-length cK19 by viable epithelial tumor cells in an active export process was provided in a recent report (3) . in this study, cK19-releasing cells were detectable in Bm of 44-70% of breast cancer patients and were correlated to the presence of overt metastases. in conclusion, regulation of the release of cK18/19 by intracellular (caspase-mediated) cleavage and transmembrane transport in intact/necrotic/apoptotic cells under conditions of cell proliferation and damage remains to be fully characterized.
Effect of radical tumor surgery on circulating cytokeratin 18 fragments in colon cancer
We quantified CK18 (M65) and caspase-cleaved CK18 (M30) in serum samples of colon cancer patients pre-and postoperatively (62 and 31 patients, respectively) using eliSa assays for the first time (14) . Both low-grade tumors and disseminated metastatic colon cancers yielded higher levels of circulating cK18 and caspase-cleaved cK18 compared to nontumor control patients. upon tumor surgery approximately 60% of the patients responded with a mean decrease of 30% in soluble cK18 while the remaining 40% of the patients had a mean increase of 40% in cK18 (15) . the group with increased release of cK18 was characterized by a higher incidence of Bm-dtcs in comparison to patients with normalizing cK18. in the case of circulating caspase-cleaved cK18, almost 80% of the patients exhibited a significant mean decrease of approximately 75% in response to tumor removal; however, the remaining 20% of the patients revealed lower basal levels of caspase-cleaved cK18 preoperatively and a mean increase of 40% in these cK fragment levels postoperatively (14) . tumors of a size of 2-6 cm were radically removed in those latter patients. the frequency of Bm-dtcs, as detected with the aid of the pan-cytokeratin antibody a45-B/B3, was not significantly different in these two groups of patients with normalizing and increased caspase-cleaved cK18. however, caspase-cleaved CK18 correlated significantly with an increased number of recurrences within three years in the group with persistent serum fragment levels (hazard ratio 8.3).
Only 4 of 11 patients exhibited a perioperative increase in circulating cK18 and caspase-cleaved cK18 at the same time. in conclusion, radical removal of the tumor, the supposed main source of the circulating cK fragments, failed to result in a decrease in cK18 levels to normal values in this subgroup of patients, characterized by Bm-dtcs and increased risk of early recurrences.
in the same group of 62 colon cancer patients, the overall rate of Bm-dtcs was 23% with a similarly positive fraction through all stages of the disease (16) . after a median follow-up of 35.4 months, no differences were found in relapse and overall survival between patients with and without Bm-dtcs preoperatively, while the Bm-dtc status was found to be changed for a second Bm aspiration after 12 months in a quarter of the patients.
Release of cytokeratins by the tumor and/or disseminated tumor cells in colon cancer?
increased levels of circulating cK18 fragments in low grade and metastatic colon cancer patients may be associated with increased proliferation rather than increased cell death, since increased tumor progression is expected at these tumor stages. removal of the tumor in colon cancer patients resulted in a reduction in circulating cK fragments in the majority of patients; however, in the remaining group persistent or increased perioperative levels of cK18 and caspase-cleaved cK18 point to disseminated tumor cells as a putative source of cK fragments (14) . these same patients were characterized by either a high frequency of Bm-dtcs or early relapses, respectively, in comparison to the patients with a perioperative reduction in circulating cK fragments.
according to a report by Bidard et al, Bm-dtcs (cK8-, 18-or 19-positive epithelial cells) may undergo dormancy for several years before growing (or not) into clinically detectable metastases (17) . in breast cancer patients with a metastatic relapse, Bm-dtc-negative patients (approximately 40% of the patients) had a significantly shorter metastasis-free interval than Bm-dtc-positive patients. Bidard et al hypothesized that a faster metastatic process, involving dissemination of dtcs to other host organs and/or epithelial-mesenchymal transition (emt) from cK-positive to cK-negative dtcs, might skip the dormancy step. this hypothesis seems to corroborate our cK18 measurement results in colon cancer patients: postoperative release of cK19 by disseminated tumor cells is correlated with a higher incidence of Bm-dtcs and elevated release of circulating caspase-cleaved cK18 with early relapses (14) . these increases in the latter fragments may indicate generation of cK-negative Bm-dtcs that initiate relapses in colon cancer patients, similar to breast cancer patients.
Several possible mechanisms could be responsible for the generation of circulating caspase-cleaved cK18 in patients with early relapses following radical tumor surgery. circulating tumor cells released during surgery may undergo apoptotic tumor cell death due to failure of homing of the majority of cells to suitable environments, while a minor fraction eventually manages to settle at distant sites leading to tumor recurrence (18) . retsky et al suggested that surgery to remove the primary tumor often terminates dormancy resulting in accelerated relapses in over half of all metastatic cases (19). another explanation may be intracellular degradation of cK18 by caspases and release into the circulation as part of the emt without cell death or, alternatively, secretion of cK18 in an intact form, as shown for cK19, followed by its cleavage by caspases in the Bm or serum, since the observed increased risk of tumor progression is in disaccord with the apoptotic death of the disseminated tumor cells (20) . caspases, apart from their role in apoptotic cell death, seem to have important functions in regulating differentiation in various cell types, including cells of the bone (21, 22) . although the disappearance of cKs was demonstrated in breast cancer micrometastatic cells isolated from Bm by proteomics and immunohistochemistry, the mechanism of the downregulation of their expression has not yet been elucidated (23).
Conclusion
new evidence indicates that disseminated cancer cells in breast and colon tumors proceed from a dormant to a malignant state upon changes in their cellular phenotypes, including remodeling of the cytoskeleton and downregulation of the expression of cKs. it is hypothesized that this epithelial-mesenchymal-like transition is affected, at least in part, by apoptotic degradation of type i cK18 and 19 and release of the stable fragments by intact cells, or cell-free degradation of soluble cK18/19 secreted by the cells. if valid, this establishes caspase-cleaved cK18 as a marker of malignity of Bm-dtcs in tumor patients following radical surgery. this could be tested by studying the fate of cKs in micrometastatic cells to determine whether they are removed as intact soluble fragments or released following proteolytic degradation and by investigating the association of early relapses and circulating caspase-cleaved cK18 in larger populations of patients following radical tumor surgery.
